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ABSTRACT 


A  review  of  research  in  the  author's  laboratory  is  presented. 
Interrelationships  between  reaction  conditions  and  material  proper¬ 
ties  of  thermosetting  and  high  T«  polymers  are  discussed  from  the 
point  of  view  of  a  generalized  time-temperature-transformation  (TTT) 
diagram.  The  TBA  torsion  pendulum  is  discussed  as  a  technique  for 
characterizing  reactive  coatings. 
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INTRODUCTION 

This  review  of  reserch  in  the  author's  laboratory,  which  is  set 
into  a  general  context,  pertains  principally  to  the  formation  and  pro¬ 
perties  of  high  Tg  polymeric  glasses  which  are  made  by  the  transfor¬ 
mation  of  liquid  to  amorphous  solid  by  chemical  reaction.  The  area  is 
of  particular  importance  in  the  making  of  composites,  coatings,  and 
adhesives  by  thermo-setting  "cure"  reactions  in  which  multifunctional 
molecules  of  low  molecular  weight  are  converted  into  network  macromole¬ 
cules.  An  attempt  has  been  made  to  produce  a  generalized  model  for  the 
formation  and  properties  of  thermosetting  systems  which  also  incor¬ 
porates  linear  systems:  an  example  of  the  former  is  the  cure  of  a  neat 
epoxy  resin;  an  example  of  the  latter  is  the  polymerization  of  neat 
styrene  monomer  below  the  glass  transition  of  polystyrene.  The  review 
will  therefore  emphasize  thermosetting  systems  with  some  reference  to 
linear  systems.  The  simplest  model  for  chemical  setting  assumes  a 
single  reaction  mechanism  and  no  phase  separation. 

THE  TIME -TEMPERATURE -TRANSFORMATION  (TTT)  ISOTHERMAL  CURE  DIAGRAM 

A  time-temperature-transformation  (TTT)  isothermal  cure  diagram 
(Fig.  1)  may  be  used  to  provide  an  intellectual  framework  for 
understanding  and  comparing  the  cure  and  physical  properties  of  ther¬ 
mosetting  systems  (1,2).  The  main  features  of  such  a  diagram  can  be 
obtained  by  measuring  the  times  to  events  that  occur  during  isother¬ 
mal  cure  at  different  temperatures,  Tcure.  These  events  include  the 
onset  of  phase  separation,  gelation,  vitrification,  full  cure,  and 
devitrification.  Phase  separation  may  occur,  for  example,  by  preci¬ 
pitation  of  rubber  from  solution  in  rubber-modified  formulations,  or 
by  the  formation  of  monomer -insoluble  oligomeric  species  and  by  the 
formation  of  gel  particles  (and  also  by  crystallization  in  crystal li- 
zable  systems).  Molecular  gelation  corresponds  to  the  incipient  for¬ 
mation  of  an  infinite  molecular  network,  which  gives  rise  to  long 
range  elastic  behavior  in  the  macroscopic  fluid.  It  occurs  at  a 
definite  conversion  for  a  given  system  according  to  Flory's  theory  of 
gelation  (3).  After  molecular  gelation  the  material  consists  of  nor¬ 
mally  miscible  sol  (finite  molecular  weight)  end  gel  (infinite  mole¬ 
cular  weight)  fractions,  the  ratio  of  the  former  to  the  latter 
decreasing  with  conversion.  Vitrification  occurs  when  the  glass- 
transition  temperature,  Tg,  rises  to  the  temperature  of  cure.  The 
material  is  liquid  or  rubbery  when  Tcure  >  Tfl;  it  is  glassy  when 

Tcure  *  Tg.  Devitrification  occurs  when  the  glass-transition  tem¬ 
perature  decreases  through  the  cure  temperature,  as  in  thermal  degra¬ 
dation.  The  diagram  displays  the  distinct  states  encountered  on  cure 
due  to  chemical  reactions.  These  states  include  liquid,  sol/gel 
rubber,  gel  rubber  (elastomer),  ungelled  (sol)  glass,  gelled  glass, 
and  char.  The  gelled  glass  region  in  the  TTT  cure  diagram  is  divided 
into  two  parts  by  the  full-cure  line;  in  the  absence  of  degradation 
(Fig.  1,  devitrification  and  char),  the  top  and  lower  parts  can  be 
designated  fully  cured  gel  glass  and  undercured  sol/gel  glass 
regions,  respectively.  The  technological  terms,  A-,  B-  and  C-stage 
resins  correspond  to  sol  glass,  sol/gel  glass,  and  fully  cured  gel 
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glass,  respectively.  The  illustration  also  displays  the  critical 
temperatures  Tg a,,  neiTg,  and  Tg0,  which  are  the  glass-transition  tem¬ 
perature  of  the  fully  cured  system,  the  temperature  at  which  molecu¬ 
lar  gelation  and  vitrification  occur  simultaneously,  and  the 
glass-transition  temperature  of  the  reactants,  respectively. 

Much  of  the  behavior  of  thermosetting  materials  can  be 
understood  in  terms  of  the  TTT  cure  diagram  through  the  influence  of 
gelation,  vitrification,  and  devitrification  upon  properties. 

Gelation  retards  macroscopic  flow,  and  growth  of  a  dispersed  phase 
(eg,  as  in  rubber-modif ied  systems).  Vitrification  retards  chemical 
conversion.  Devitrification,  due  to  thermal  degradation,  marks  the 
lifetime  for  the  material  to  support  a  substantial  load. 

The  isothermal  TTT  cure  diagram  is  more  limited  for  the  curing 
of  linear  rubber  systems  than  for  thermosetting  systems  because  in 
practice  only  the  region  above  Tg00  is  relevant  for  the  former. 
Gelation  in  the  vulcanization  of  rubbers  occurs  at  low  conversions  in 
comparison  with  typical  thermo-setting  systems. 

The  ungelled  glassy  state  is  the  basis  of  commercial  molding 
materials  since,  upon  heating,  the  ungelled  (sol)  material  flows 
before  gelling  through  further  reaction.  Formulations  can  be  pro¬ 
cessed  as  solids  (eg,  molding  compositions)  when  Tg0  >  ambient  tem¬ 
perature,-  they  can  be  processed  as  liquids  (eg,  as  casting  fluids) 
when  Tg0  <  ambient  temperature. 

The  glass  transition  temperature  of  the  material  at  the  com¬ 
position  corresponding  to  molecular  gelation  is  gelTg*  since  molecu¬ 
lar  gelation  occurs  as  the  material  vitrifies  when  the  temperature  of 
cure  is  gel^g  (*)•  The  molecular  gelation  curve  (Fig.  1)  therefore 
corresponds  to  Tg  «  gelTg-  Temperature  gelTg  'is  critical  in  deter¬ 
mining  the  upper  temperature  for  storing  reactive  materials  to  avoid 
gelation  (which  relates  to  "pot  life").  However,  cure  below  geiTg 
eventually  leads  to  gelation. 

The  morphology  developed  in  two-phase  systems,  for  example, 
those  in  which  rubber-rich  domains  nucleate  and  grow  as  a  dispersed 
phase  in  a  curing  rubber-modified  thermoset,  depends  on  the  tem¬ 
perature  of  cure.  The  reaction  temperature  determines  the  corn- 
pet  i  tion  between  thermodynamic  and  kinetic  (ie,  transport)  factors 
which  affects  the  amount,  the  composition,  and  the  distribution  of 
dimensions  of  the  dispersed  phase.  As  an  example,  reaction  at 
intermediate  temperatures  can  result  in  a  maximum  in  the  amount  of 
precipitated  phase  which  may  accompany  a  minimum  in  the  time  to 
the  onset  of  phase  separation  (as  shown  in  Fig.  1).  For  optimum 
mechanical  properties,  a  two-phase  system  is  cured  first  at  one  tem¬ 
perature  to  provide  a  particular  morphology,  and  subsequently  at  a 
higher  temperature  to  complete  the  reactions  of  the  matrix  (5,6). 

The  Tgcc  the  matrix  will  be  determined  by  the  extent  of  phase 
separation.  A  matrix  parameter,  the  critical  interparticle 
distance,  has  been  reported  (7)  which  determines  the  brittle  to  duc- 
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tile  transition  in  rubber-modified  thermoplastics.  For  a  given 
volume  fraction  of  a  dispersed  low-modulus  phase  the  critical 
interparticle  distance  is  determined  by  the  particle  size.  This 
concept  should  be  applicable  to  rubber-modified  thermosets  where 
cure  under  different  conditions  affects  both  the  amount  of  phase 
separation  and  the  particle  size  distribution. 

In  composite  systems,  shrinkage  stresses  due  to  volume  contrac¬ 
tion  of  the  resin  on  isothermal  cure  begin  to  develop  with  adhesion 
of  the  curing  resin  to  a  rigid  inclusion  or  substrate.  This  occurs 
after  gelation  above  gelTg  •nd  b«fore  vitrification  below  ge-|Tg. 

The  tensile  stresses  in  tne  resin  and  the  corresponding  compressive 
str?'*es  on  an  inclusion  and  substrate  affect  composite  behavior. 

G.’~  consequence  is  fiber-buckling  in  resin/fiber  composites.  A 
related  consequence  of  the  shrinkage  due  to  cure  and  the  different 
coefficients  of  expansion  and  contraction  of  the  constituents  in 
brittle  resin/fiber  composites  is  the  formation  of  spiral  and  heli¬ 
cal  cracks  in  the  resin  around  isolated  filaments  and  yarns  (8,9). 
Their  large  surface  areas  per  unit  volume  of  matrix  may  contribute 
to  the  toughening  of  fiber/resin  composites. 

Prolonged  isothermal  cure  at  temperature  Tcure  below  Tg*,  would 
lead  to  Tg  =  Tcure  if  the  reactions  were  quenched  by  the  process  of 
vitrification.  In  practice,  Tg  is  higher  than  Tcure  because  it  can 
increase  during  the  heating  scan  employed  for  measurement.  Although 
vitrification  has  been  defined  to  occur  when  Tg  *  Tcure,  Tg,  as 
usually  measured,  does  not  correspond  to  the  glassy  state,  but 
rather  to  a  state  approximately  halfway  between  the  rubbery  and 
glassy  states;  therefore  reactions  at  Tcure  continue  beyond  the 
assigned  time  to  vitrification,  which  also  results  in  Tfl  >  Tcure. 
Furthermore,  the  extents  to  which  reactions  proceed  in  the  glassy 
state  depend  on  the  influence  of  the  glassy  state  on  the  reaction 
mechanism.  However,  even  the  intramolecular  reactions  involved  in 
the  imidization  of  polyamic  acids  to  polyimides  are  restricted  by 
the  vitrification  process,  leading  again  to  Tg  being  controlled  by 
the  temperature  and  the  time  of  cure  (11).  In  practice,  for  epoxies 
and  polyimides,  Tg  is  greater  than  Tcure  by  about  30-50#C  after 
"normal"  isothermal  cure  below  Tg^  (10,11,12,13).  This  corresponds 
approximately  to  the  half-width  of  the  glass  transition  temperature 
region  since  Tg  (as  measured)  increases  through  the  isothermal  tem¬ 
perature  Tcure  to  about  Tcure  ♦  30  to  50*C  after  which  the  reaction 
rate  is  controlled  by  the  low  physical  relaxation  rates  of  the 
glassy  state.  The  half-width  of  the  glass  transition  region  which 
is  indicated  in  Figure  1  varies  since  the  width  of  the  glass  tran¬ 
sition  depends  on  the  value  of  Tg. 

Correlations  between  macroscopic  behavior  and  molecular  struc¬ 
ture  of  the  reactants  are  most  clearly  defined  in  fully  cured 
materials.  Full  cure  is  attained  most  readily  by  reaction  above 
T gor ,  »nd  more  slowly  by  curing  below  Tg^.  to  the  full-cure  line  of 
tne  TTT  cure  diagram  (12).  The  full  cure  line  corresponds  to  Tg  *  T^ 


In  practice  full  cure  is  in  general  not  a  unique  state  because 
the  state  depends  upon  the  time-temperature  reaction  path.  In  com¬ 
monly  used  systems  this  is  a  consequence  of  competing  chemical  reac¬ 
tions  with  different  activation  energies.  Furthermore,  the 
time-temperature  path  of  cooling  after  cure  affects,  for  example, 
density  and  behavior  at  room  temperature. 

At  high  temperatures,  non-curing  chemical  reactions  result  in 
degradation.  Thermal  degradation  can  result  in  devitrification  as 
the  glass-transition  temperature  decreases  through  the  isothermal 
temperature  due  to  a  reduction  in  cross-linking  or  formation  of 
plasticizing  material.  Degradation  can  also  result  in  vitrifica¬ 
tion,  eg,  char  formation  (Fig.  1),  as  the  glass-transition  tem¬ 
perature  increases  through  the  isothermal  temperature  because  of  an 
increase  in  cross-linking  or  volatilization  of  low  molecular  weight 
plasticizing  materials  (13).  In  high  Tg  systems,  cure  and  thermal 
degradation  reactions  compete.  There  is  a  need  to  obtain  high  tem¬ 
perature  polymers  from  low  temperature  processing. 

The  limiting  viscosity  in  the  fluid  state  is  controlled  by 
molecular  gelation  above  geiTg*  end  by  vitrification  below  geiTg- 
At  gelation,  the  weight-average  molecular  weight  and  zero  shear-rate 
viscosity  become  infinite,  although  the  number-average  molecular 
weight  is  very  low.  Viscosity  prior  to  vitrification  below  geiTg  is 
described  by  the  Williams-Landel-Ferry  (WLF)  equation  (14). 

The  time  to  reach  a  specified  viscosity  (Fig.  1)  is  often  used 
as  a  practical  method  for  measuring  gelation  times.  Although  this 
macroscopic  isoviscosity  approach  is  inconsistent  with  the  molecular 
isoconversion  theory  of  gelation,  above  temperature  gelTg  the 
apparent  activation  energies  obtained  from  the  temperature  depen¬ 
dence  of  the  time  to  reach  a  specified  viscosity  approach  the  true 
activation  energy  for  the  chemical  reactions  leading  to  molecular 
gelation  with  increase  of  the  specified  viscosity  (1). 

The  time  to  molecular  gelation  can  be  computed  from  the  reac¬ 
tion  kinetics  and  the  conversion  at  molecular  gelation,  which  is 
constant  according  to  Flory's  theory  of  gelation.  The  time  to 
vitrification  can  be  computed  from  the  reaction  kinetics  and  the 
conversion  at  vitrification  (15,16,17),  which  increases  with  Tcure. 
Since  vitrification  occurs  when  the  glass-transition  temperature 
reaches  the  temperature  of  cure,  computation  of  the  time  to  vitrify 
requires  knowledge  of  the  relationship  between  Tg  and  conversion. 
Figure  2  shows  that  Tg  increases  with  conversion  at  an  increasing 
rate.  In  the  absence  of  diffusion  control,  the  simplest  kinetic 
equation  describinp  the  reaction  is 

dX/dt  *  [Aexp(-EA/RT)]f (X) 

where  X  is  the  extent  of  reaction,  EA  the  activation  energy,  and  the 
other  characters  have  their  usual  significance.  The  times  to  mole¬ 
cular  gelation  and  to  vitrification  can  be  computed  versus  tern- 


perature  using  this  equation  when  Xgei  (for  gelation),  a 
relationship  between  X  and  Tg  (for  vitrification)  (Fig.  2),  and  the 
reaction  kinetics  are  known.  The  influence  of  diffusion  control  on 
the  reaction  rate  can  be  deduced  in  principle  from  the  differences 
between  the  experimentally  measured  and  the  computed  gelation  and 
vitrification  curves. 

The  S-shaped  vitrification  curve  obtained  experimentally  in  the 
absence  of  thermal  degradation  has  been  matched  by  computation  for 
one  epoxy  system  from  temperature  TgC  to  temperature  Tg*,  (16). 

The  vitrification  curve  is  generally  S-shaped  (17).  At  tem¬ 
peratures  immediately  above  T„0,  the  time  to  vitrification  passes 
through  a  maximum  because  of  the  opposing  influences  of  the  tem¬ 
perature  dependences  of  the  viscosity  and  the  reaction  rate 
constant.  Immediately  below  Tg*,,  the  time  to  vitrification  passes 
through  a  minimum  (18)  because  of  the  opposing  influences  of  the 
temperature  dependence  of  the  reaction  rate  constant  and  the 
decreasing  concentration  of  reactive  sites  at  vitrification  as  Tg^, 
is  approached.  Knowledge  of  the  minimum  time  and  the  corresponding 
temperature  is  useful  in  molding  technology. 

Cure  of  finite  specimens  at  temperatures  below  thBt  for  the 
minimum  time  for  vitrification  (Fig.  1)  can  lead  to  the  hotter 
inside  vitrifying  before  the  outside  when  the  reaction  is  exother¬ 
mic.  Conversely,  cure  at  higher  temperatures  can  lead  to  the  out¬ 
side  vitrifying  before  the  inside:  in  this  case  internal  stresses 
develop  as  the  inside  contracts  relative  to  the  vitrified  outside 
due  to  the  volume  contraction  of  polymerization.  The  situation  can 
be  similar  to  the  latter  case  when  external  heating  causes  the 
hotter  outside  to  vitrify  before  the  cooler  inside.  Similarly, 
cooling  cured  material  from  above  Tg^  will  lead  to  the  outside 
vitrifying  before  the  inside;  internal  stresses  in  this  case  will  be 
minimized  by  cooling  very  slowly  (i.e.,  annealing).  These  stresses, 
which  are  due  to  non-isothermal  conditions  in  neat  systems,  are 
supplemented  in  composites  by  the  differential  shrinkage  stresses 
which  were  referred  to  earlier  in  the  article. 

The  conversion  at  vitrification  can  be  computed  in  principle  by 
relating  the  glass-transition  temperature  to  contributions  from  the 
molecular  weight  and  the  cross-linking  density,  both  of  which  vary 
with  conversion  (17).  For  polymerization  prior  to  gelation  (and  for 
linear  polymerization),  the  computation  is  simplified  by  the  absence 
of  cross-linking. 

The  fractional  extent  of  reaction  at  vitrification  and  the  time 
to  vitrify,  like  molecular  gelation,  decrease  with  increasing  func¬ 
tionality  of  the  reactants  (13).  The  effect  of  increasing  func¬ 
tionality  on  molecular  gelation,  vitrification,  and  the  temperatures 
geiTg,  T go ,  and  Tgor  can  be  understood  by  considering  the  X-vs-Tg  and 
the  Xgei  relationships,  such  as  those  in  Figure  2.  For  example,  the 
figure  shows  how  temperature  gel^g  f°r  *be  material  of  lower  func¬ 
tionality  can  be  higher  than  that  of  higher  functionality. 


Increasing  reaction  time  at  any  temperature  leads  to  increasing 
conversion,  Tg,  average  molecular  weight,  and  cross-linking  density. 
The  modulus  and  density  at  the  curing  temperature  also  increase. 
However,  upon  cooling  intermittently  from  the  curing  temperature  to 
a  temperature  well  below  Tg,  eg,  room  temperature  (RT)  for  high  Tg 
materials,  the  modulus  (e.g.,  see  Fig.  10)  and  density  can  decrease, 
whereas  equilibrium  absorption  of  water  can  increase  with  increasing 
extent  of  cure.  This  anomaly  can  result,  for  example,  in  a  net 
expansion  at  room  temperature  when  a  reactive  material  which  has 
been  set  at  RT  is  post-cured  at  elevated  temperatures  and  cooled  to 
RT.  A  common  basis  for  these  interrelated  phenomena  is  the 
increasing  free  volume  at  room  temperature  with  increasing  extent  of 
cure  (19). 

The  room  temperature  density  (pRy)  actually  passes  through  a 
maximum  value  with  increasing  conversion.  Figure  3,  which  was 
constructed  from  series  of  isothermal  cures  followed  by  cooling 
slowly  to  RT,  includes  a  master  curve  of  pRy  versus  Tg  -  RT  (20). 

(In  the  absence  of  vitrification,  Tg  is  a  direct  measure  of 
conversion.)  Perturbations  from  the  master  curve  are  due  to 
isothermal  vitrification  which  prevents  the  density  from  decreasing 
to  the  level  of  the  master  curve  with  increasing  conversion.  (It  is 
difficult  experimentally  to  obtain  the  complete  master  curve  from 
one  cure  temperature  since  the  reaction  rate  is  too  high  at  high 
temperatures  of  cure,  and  vitrification  limits  the  extent  of  reac¬ 
tion  below  temperature  Tga,.  )  Vitrification  nullifies  the  unique 
relationship  between  pRT  and  Tg.  The  same  value  of  Tg  can  then 
arise  from  different  combinations  of  conversion  and  extent  of  physi¬ 
cal  annealing  (aging);  for  example,  a  particular  value  of  Tg  can  be 
obtained  at  lower  temperatures  with  less  conversion  but  more  physi¬ 
cal  annealing.  The  limiting  pRy  which  corresponds  to  the  highest  Tg 
attained  after  long  times  at  each  temperature  of  cure  depends  on 
TCUre  and  varies  inversely  with  Tcure  (when  Tcure  <  Tg^,).  When  Tg 
is  high  the  limiting  pRy  will  be  stable  at  room  temperature  (if  the 
cooling  rate  is  slow).  Although  pRy  differences  which  can  be 
obtained  by  curing  to  different  extents  is  only  about  0.5  percent, 
this  corresponds  to  differences  of  about  20  percent  in  the  free 
volume  of  the  glass.  It  is  not  surprising  therefore  to  observe 
corresponding  changes  of  20  percent  in  modulus  and  water  absorption 
at  room  temperature.  These  concepts  are  relevant  to  the  design  of 
plastics  with  the  dimensional  stability  needed  for  th<  replacement 
of  metals  by  plastics. 

One  factor  contributing  to  the  maximum  in  pRy  versus  conversion 
is  summarized  as  follows  (20).  The  value  of  pRy  depends  on  the 
contraction  due  to  chemical  reaction  and  the  subsequent  contraction 
due  to  cooling  from  Tcure.  The  latter  involves  contraction  in  the 
rubbery  state  (from  Tcure  to  Tg)  and  contraction  in  the  glassy  state 
(from  Tg  to  RT).  With  higher  values  of  Tg  there  is  less  contraction 
on  cooling  since  the  coefficient  of  contraction  of  the  rubbery  state 
is  higher  than  that  of  the  glassy  state.  Since  Tg  rises  non- 
linearly  with  increasing  conversion  (Fig.  2),  higher  conversions 


can  give  rise  to  less  contraction  on  cooling  from  Tcure.  The  net 
sum  of  cure  shrinkage  and  temperature  shrinkage  can  therefore  change 
from  positive  to  negative  with  increasing  conversion.  The  maximum  in 
ppj  is  associated  with  gelation  and  therefore  with  the  glass  tran¬ 
sition  temperature  gelTg  at  the  composition  corresponding  to  gela¬ 
tion  since  the  non-linearity  in  Tg  versus  conversion  relationship  is 
amplified  by  the  increase  of  crosslink  density  which  occurs 
progressively  after  gelation  with  increasing  conversion. 

Another  factor  contributing  to  the  pp-j-  decreasing  with 
increasing  conversion  is  the  increasing  relaxation  times:  during 
the  transformation  of  liquid  or  rubber  to  glass  this  results  in 
glasses  which  are  progressively  further  from  equilibrium.  The 
higher  Tg,  the  further  from  equilibrium  a  glass  is  at  RT. 

The  concept  of  the  TTT  cure  diagram  can  be  extended  to  non- 
isothermal  conditions  for  forming  and  annealing  polymeric  materials. 
For  example,  a  continuous  heating  time-temperature-transformation 
(CHT)  diagram  results  from  heating  a  reactive  system  from  (say)  25° 
to  300*C  at  a  series  of  different  rates  of  increasing  temperature. 
The  vitrification  curve  (i.e.,  Tg  =  T)  will  be  joined  to  a  devitri¬ 
fication  curve  (i.e.,  Tg  *  T)  to  form  an  envelope  (21).  This 
devitrification  is  a  consequence  of  the  rising  glass  transition  tem¬ 
perature  eventually  not  increasing  at  the  same  rate  as  the  rate  of 
rise  of  temperature.  Such  a  diagram  is  useful  in  molding  technology 
for  defining  time-temperature  cure  paths  in  which  vitrification  does 
not  occur,  for  example,  so  as  to  obtain  full  cure.  Conversely 
vitrification  can  be  an  essential  part  of  a  cure  cycle  so  as  to 
control  reaction  rates  which  could  run  out  of  control  because  of  the 
exothermic  nature  of  a  reaction.  The  polymerization  of  250  gallons 
of  epoxy  to  encapsulate  a  magnetic  coil  in  Princeton  University's 
experimental  Tokomak  nuclear  fusion  reaction  is  accomplished  by 
heating  at  a  very  low  rate  of  temperature  increase;  the  reaction 
rate  is  controlled  in  the  process  by  the  Tg  increasing  in  concert 
with  the  temperature  until  Tg^,,  i.e.,  full  cure,  is  attained. 

LINEAR  POLYMERIZATION  AND  THE  TTT  DIAGRAM 

This  section  attempts,  in  a  general  manner,  to  incorporate 
linear  polymerization  of  neat  systems  into  the  concept  of  the  TTT 
diagram. 

Oifunctional  liquid  monomers  can  be  transformed  into  glassy 
linear  polymeric  materials  by  reaction  below  the  maximum  glass  tran¬ 
sition  temperature  of  the  polymer,  Tg*.  The  time  to  vitrification 
curve  for  the  isothermal  free  radical  polymerization  of  neat  styrene 
versus  the  isothermal  temperature  of  reaction,  Trx,  has  been  com¬ 
puted  in  the  absence  of  diffusion  control  (22).  The  calculation 
involved  using  the  well  established  chemical  kinetics  from  zero  con¬ 
version  to  the  conversion  corresponding  to  Tg  ■  Trx.  Since  the  neat 
mixture  at  any  time  consists  of  monomer  and  polymer  (neglecting  ini¬ 
tiator  and  active  chain  radicals),  the  proportion  of  polymer  to 
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monomer  (i.e.,  the  conversion)  was  calculated  from  the  glass  tran¬ 
sition  temperatures  of  the  monomer  (-100*C)  and  polymer  (+100*C)  and 
Tg  =  Tcure.  The  computed  vitrification  curves  for  the  free-radical 
polymerization  of  styrene  and  for  a  linear-forming  step-growth  poly¬ 
merization  were  S-shaped. 

Phase  separation  can  occur  in  neat  linear  polymerization  as  a 
consequence  of  insolubility  of  oligomer  or  polymer.  This  has  been  a 
particularly  important  consideration  in  the  synthesis  by  step-growth 
polymerization  of  high  Tg  linear  polymers,  which  of  necessity  have 
relatively  inflexible  chain  structures.  Precipitation  often  effec¬ 
tively  removes  the  growing  species  from  the  reaction  medium,  thereby 
limiting  the  molecular  weight.  In  the  same  type  of  polymerization 
the  reaction  temperature  must  be  such  that  vitrification  also  does 
not  occur  (i.e.  Trx  >  Tg*).  Phase  separation  can  be  analogous  to 
vitrification  in  limiting  molecular  weight  and  Tg.  (Use  of  exotic 
solvents  overcomes  the  problems  of  insolubility  and  vitrification  in 
the  synthesis  of  high  Tg  rigid  molecules:  however,  these  solvents 
must  be  subsequently  removed,  often  by  ingeneous  methods.) 

Although  chemical  gelation  does  not  occur  in  linear  polymeriza¬ 
tion,  long  range  elasticity  can  develop  in  the  polymerizing  fluid  as 
the  consequence  of  entanglements  between  polymer  molecules.  These 
will  occur  at  lower  conversions  for  chain  reactions  where  high  mole 
cular  weight  polymer  forms  throughout  the  reaction,  than  for  step- 
growth  polymerizations  where  high  molecular  weight  polymer  develops 
only  late  in  polymerization. 

The  situation  is  more  complex  for  the  conversion  of  liquid 
monomers  into  polymers  which  can  crystallize.  Polymerization  of 
neat  monomer  above  Tg^  can  lead  to  solidification  because  of 
crystallization.  (The  maximum  melting  temperature,  T,^,  is  greater 
than  the  maximum  glass  transition  temperature,  Tg*,.)  Polymerization 
below  Tg0[l  can  lead  to  solidification  as  the  result  of  vitrification 
or  crystallization.  The  melting  temperature  range,  as  well  as  the 
glass  transition  temperature  should  be  directly  related  to  the  tem¬ 
perature  of  reaction:  it  is  well  known  that  Tm  of  a  linear  polymer 
is  directly  related  to  the  isothermal  temperature  of  crystalliza¬ 
tion. 


SOLVENT-BASED  REACTIVE  COATINGS  AND  THE  TTT  DIAGRAM 

An  important  application  of  the  transformation  of  reactive 
liquids  to  solids  involves  loss  of  solvent.  In  these  vitrification 
can  occur  as  the  consequence  of  both  solvent  loss  and  chemical  reac¬ 
tion  (11).  The  following  example  demonstrates  how  the  methodology 
of  the  TTT  cure  diagram  has  been  used  to  characterize  a  particular 
solvent-based  reactive  coating  (23).  The  summary  isothermal  TTT 
diagram  is  shown  as  Figure  4. 

The  particular  system  is  reactive  at  reasonable  rates  only 
above  Tg*  (Tgac  *  147*C).  Cure  involves  volatilization  of  both 
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temperature  is  a)  a  direct  measure  of  the  state  of  cure  (e.g., 
conversion),  is  b)  used  to  define  the  vitrif ication  contour,  and  c) 
is  in  itself  the  characteristic  softening  temperature  of  amorphous 
materials. 


TP/TBA  -  MODES 

The  freely  oscillating  torsion  pendulum  can  be  used  in  two  ways 
to  characterize  polymeric  systems;  these  are  the  conventional  tor¬ 
sion  pendulum  (TP)  mode  and  the  torsional  braid  analysis  (TBA)  mode, 
respectively  (1).  Geometrically  simple  specimens  (e.g.,  films  & 
filaments)  are  used  in  the  TP  mode  to  obtain  quantitative  values  of 
the  elastic  and  loss  moduli.  Impregnated  braid  specimens  are  used 
in  the  TBA  mode  to  obtain  transitions  of  polymers,  to  obtain  a  pre¬ 
liminary  mechanical  assessment  of  new  polymers,  and  to  characterize 
liquid  to  solid  transformations  (e.g.  cure). 

INSTRUMENTATION 

A  schematic  diagram  of  the  automated  TBA  torsion  pendulum 
system  which  has  been  developed  by  the  author  is  shown  in  Figure  5. 
The  system  is  available  from  Plastics  Analysis  Instruments,  Inc., 
Princeton,  NJ  08540.  The  essence  of  the  instrument  is  the  inner 
pendulum  assembly  which  is  shown  in  Figure  6  and  consists  of  a  ver¬ 
tical  specimen  held  in  place  with  clamps  attached  to  two  rods.  The 
upper  activation  rod  is  held  vertically  in  alignment  with  a  2" 

Teflon  sleeve  and  is  rigidly  attached  to  a  horizontal  gear  which 
intermittently  initiates  free  oscillations  by  computer-controlled 
stretching  and  releasing  of  a  spring.  The  lower  pendulum  rod  hangs 
freely  and  is  magnetically  coupled  to  a  Polaroid  disc  at  its  lower 
end. 

The  pendulum  is  enclosed  in  an  air-tight  cylindrical  chamber 
(0.5"  diameter),  the  atmosphere  of  which  is  closely  controlled  and 
monitored:  inert,  water-doped,  and  reactive  gases  have  been  used. 
There  are  no  electronic  devices  within  the  specimen  chamber.  Dry 
helium,  rather  than  nitrogen,  is  usually  used  as  an  inert  atmosphere 
because  of  its  higher  thermal  conductivity  at  cryogenic  tem¬ 
peratures.  An  on-line  electronic  hygrometer  is  used  to  continuously 
monitor  the  water  vapor  content  of  atmospheres  from  <  20  to  20,000 
ppm  H20.  A  cylindrical  copper  block,  wound  around  with  cooling 
coils  for  liquid  nitrogen  and  with  band  heaters,  surrounds  the  spe¬ 
cimen.  Excellent  temperature  control  is  achieved  by  virtue  of  the 
large  thermal  mass  of  the  copper  block,  with  a  temperature  spread  of 
<1 *C  over  a  2"  specimen.  A  temperature  programmer/controller  system 
permits  experiments  to  be  performed  in  isothermal  (±0.1 *C  above 
30*C)  and  dynamic  modes  from  -190  to  400*0;  in  the  dynamic  mode  the 
temperature  may  be  increased  or  decreased  linearly  at  controlled 
rates  of  0.05  to  5*C/min.  Cooling  is  achieved  by  controlling  the 
flow  of  liquid  nitrogen  from  a  pressurized  container.  Routine  tem¬ 
perature  scans  are  made  at  rates  of  change  of  temperature  of  ± 
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2*C/minute.  Measurements  have  been  made  as  low  as  4*K  and  8S  high 
as  700*C  in  modified  apparatus. 

A  key  factor  in  the  instrumentation  is  the  non-drag  optical 
transducer  which  produces  an  electrical  response  that  varies 
linearly  with  angular  displacement.  A  polarizing  disc  is  used  as 
part  of  the  inertial  member  of  the  pendulum,  and  a  stationary  second 
polarizer  is  positioned  in  front  of  a  linearly- responding  photo¬ 
cell.  An  analog  electrical  signal  is  obtained  from  a  light  beam 
passing  through  the  pair  of  polarizers  (Fig.  5). 

The  clamps  on  the  pendulum  allow  a  variety  of  specimens  to  be 
used:  film,  fiber,  or  coating  on  glass  braid  or  foil  substrate. 
Depending  on  the  specimen,  the  system  can  be  used  as  a  conventional 
torsion  pendulum  or  in  the  supported  TBA  mode.  The  substrate 
generally  used  in  a  TBA  experiment  is  a  loose,  heat-cleaned  glass 
braid  containing  about  3600  filaments.  The  specimen  is  prepared  by 
simply  dipping  the  braid  into  the  neat  liquid  or  into  a  solution  of 
the  material  of  interest  dissolved  in  a  solvent. 

Quantitative  values  of  the  shear  and  loss  moduli  of  polymer 
films  are  obtained  from  the  natural  frequency  (~  1  Hz)  and  damping 
of  the  induced  oscillations  of  the  torsion  pendulum.  Some  advan¬ 
tages  of  using  the  torsion  pendulum  for  the  dynamic  mechanical  ther¬ 
mal  analysis  of  polymers  are  its  fundamental  simplicity,  its  cost 
(less  than  $50,000),  its  utilization  of  the  pendulum’s  resonance 
frequency  (which  means  that  the  measurement  is  always  made  at  the 
maximum  sensitivity,  since  the  specimen  is  a  primary  component  of 
the  pendulum),  its  use  of  a  non-drag  optical  transducer  (a  pair  of 
polarizers)  which  permits  the  use  of  small  specimens  (<  20  mg),  and 
its  free  movement  (because  the  pendulum  is  fixed  only  at  one  end,  no 
adjustments  for  thermal  expansion  or  contraction  are  required).  In 
the  torsional  braid  analysis  (TBA)  mode  a  glass  braid  (or  other 
substrate)  is  impregnated  with  a  polymer  solution  or  polymer  "melt", 
and  measurements  are  made  on  the  composite  specimen.  Although  the 
specimen's  relative  rigidity  is  obtained  instead  of  its  shear  modu¬ 
lus,  the  transition  temperatures  can  readily  be  identified.  The 
advantages  of  the  TBA  technique  include  ease  of  specimen  fabrica¬ 
tion,  vertical  self-alignment  (by  gravity),  and  the  capability  of 
monitoring  the  physical  properties  of  a  specimen  from  the  liquid  to 
the  solid  state  (as  in  the  cure  by  chemical  reaction  of  a  ther¬ 
mosetting  resin  or  on  cooling  through  the  glass  transition  region  of 
a  thermoplastic  system). 

The  pendulum  is  intermittently  set  into  oscillation  to  generate 
a  series  of  damped  waves  as  the  material  properties  of  the  specimen 
change  with  temperature  and/or  time.  The  free  oscillations  are  ini¬ 
tiated  by  step-displacement  of  the  gear  attached  to  the  upper  acti¬ 
vation  rod  of  the  inner  pendulum,  and  the  damped  oscillations  are 
converted  to  electrical  analog  signals  by  the  optical  transducer. 

The  shear  modulus,  G',  is  given  by 
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where  f  is  the  frequency  (Hz)  of  the  oscillation,  I  is  the  moment  of 
inertia,  A  is  the  logarithmic  decrement  [A=ln(Ai/Ai+1 ) ,  Aj  is  the 
amplitude  of  the  ith  oscillation],  and  K  is  a  geometric  constant. 
Equation  1  is  usually  approximated  by 

G'  *  KI(2nf)2  (2) 

when  A/2n  <0.1.  The  loss  modulus,  G" ,  is 
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The  loss  tangent,  tan  6,  is  a  characteristic  measure  of  the  ratio  of 
the  energy  dissipated  per  cycle  to  the  maximum  potential  energy 
stored  during  a  cycle: 


G"  A  a 

G7  *  tan  6  *  n  *  Hf 


where  a  is  the  damping  coefficient.  During  a  dynamic  mechanical 
thermal  analysis  experiment,  the  moduli  can  be  monitored  by 
observing  the  changes  in  the  frequency  and  logarithmic  decrement  (A) 
of  the  oscillations.  In  a  torsion  pendulum  experiment,  where  the 
geometric  constants  are  known,  the  absolute  moduli  are  obtained: 
[e.g.,  for  a  rectangular  film. 
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in  which  the  form  factor,  N,  is 


N  *  —p  (1  -  0.63  |) 


where  a,  b,  and  L  are  the  thickness,  width  (a  <  b/3),  and  length 
respectively  of  the  film,  g  is  the  gravitational  constant,  and  m  is 
the  mass.  I  can  be  obtained  in  a  calibration  experiment  using  a 
wire  of  known  modulus  and  dimensions].  Although  the  geometric 
constants  are  not  known  in  a  TBA  experiment,  the  frequency  can  be 
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used  to  calculate  a  relative  modulus,  since  G'  «  f*.  The  TBA  plots 
display  the  relative  rigidity  as  1 /P*  where  P  is  the  natural  period 
of  the  oscillations. 

The  natural  frequency  of  the  oscillations  range  from  0.01  Hz 
(for  a  liquid)  to  10  Hz  (for  a  solid),  and  the  logarithmic  decrement 
ranges  from  0.001  to  3.0. 

The  data  acquisition  system  (24)  consists  of  a  desktop  computer 
(with  printer,  plotter,  and  disc  drives),  multiplexed  switch,  and  a 
digital  voltmeter,  as  shown  in  Figure  7.  The  computer  monitors  the 
temperature  and  torsion  pendulum  oscillation  signals,  controls  the 
initiation  of  the  oscillations,  and  derives  the  frequency  and 
logarithmic  decrement  of  the  oscillations  from  the  raw  data.  The 
reduced  data  are  stored  and  are  available  for  plotting  and/or 
printing  or  further  massaging. 

The  computer  controls  the  pendulum  in  a  repetitive  sequence,  as 
shown  in  Figure  8:  after  monitoring  the  wave  until  it  has  damped 
out,  the  computer  aligns  the  pendulum  for  a  linear  response  by 
rotating  one  of  the  polarizers  and  then  initiates  a  new  oscillation 
by  cocking  the  pendulum  against  a  spring  (via  a  gear  train),  again 
monitoring  the  wave  until  the  oscillations  have  decayed,  and  then 
releasing  it  so  that  the  oscillations  are  centered  about  the  center 
of  the  linear  region.  The  wave  is  digitized  and  stored  until  the 
oscillations  have  decayed.  The  frequency  and  logarithmic  decrement 
are  extracted  from  the  digitized  wave  by,  for  example,  a  non-linear 
least  squares  fit  to  the  solution  of  the  differential  equation  of 
motion: 


G  =  6  e'otcos(2rrft  +  $)  +  Bt  +  C 
o 


(7) 


where  6  is  the  angular  deformation  of  the  pendulum  as  a  function  of 
time  t,  G0  is  the  initial  deformation,  $  is  the  phase  angle,  B  is 
the  drift  coefficient,  and  C  is  the  offset. 

APPLICATIONS 

Much  of  the  text  of  this  review  can  be  obtained  by  of  analysis 
of  TBA  data.  This  includes  the  TTT  cure  diagram  itself  (Fig.  1  and 
Fig.  4),  and  the  Tg  versus  conversion  relationship  (Fig.  2). 

Typical  TBA  plots  tor  a)  the  isothermal  cure  of  a  liquid  epoxy  and 
b)  the  temperature  dependent  behavior  of  a  cured  epoxy  are  included 
in  Figures  9  and  10,  respectively.  Tansition  times  (e.g.,  vitrifi¬ 
cation  and  macroscopic  gelation)  and  transition  temperatures  ( e.g ., 
Tg)  are  located  by  maxima  in  the  mechanical  damping  (logarithmic 
decrement)  curves.  A  review  of  the  technique  and  its  application  to 
polymers  in  general  has  been  published  (1,24). 
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FIGURE  CAPTIONS 


Am.  Chem. 


1  Time-temperature-transformation  (TTT)  isothermal  cure  diagram 
for  a  thermosetting  system,  showing  three  critical  temperatures, 
ie.  Tg^,,  gelTg-  Tg0,  and  the  distinct  states  of  matter,  ie, 
liquia,  sol/gel  rubber,  gel  rubber  (elastomer),  gelled  glass, 
ungelled  (or  sol)  glass,  and  char.  The  full-cure  line,  ie,  Tg  = 
Tg^,  divides  the  gelled  glass  region  into  two  parts: 

sol/gel  glass  and  fully  cured  gel  glass.  Phase  separation 
occurs  prior  to  gelation.  Successive  isoviscous  contours  shown 
in  the  liquid  region  differ  by  a  factor  of  ten.  The  vitrifica¬ 
tion  process  below  ge-)Tg  has  been  constructed  to  be  an  iso¬ 
viscous  one.  The  transition  region  approximates  the  half  width 
of  the  glass  transition. 

2  Tg  vs  conversion  at  vitrification  for  reactants  differing  in 
functionality  (101  >  Oil).  The  conversions  at  molecular 
gelation  are  also  included.  The  diagram  can  be  used  to 
demonstrate  the  effect  of  increasing  functionality  of  the 
reactants  on  molecular  gelation,  vitrification,  and  the 
temperatures  gelTg,  Tgo,  and  Tg<y. 

3  RT  density  of  slow-cooled  specimens  vs.  (Tg  -  RT)  for 

different  isothermal  cure  temperatures  (20):  (A)  66.7°C; 

(A)  80°C ;  (O)  100°C;  (■)  120°C;  (O)  140°C;  (D  )  165°C; 

(♦)  180°C,  and  (0)  200#C.  Arrows  indicate  vitrification 
where  Tg  =  Tcure.  Temperature  ge-|Tg  (dashed  line)  is  used 
as  a  demarcation  between  ungelled  and  gelled  specimens. 


4  Summary  Time-Temperature-Transformat  ion  (TTT)  Diagram  for  a 
Solvent-Based  Reactive  Coating  System.  (Glass  transition 
temperatures  ?  135®C  are  bounded  as  marked.) 

5  TBA  Torsion  Pendulum. 

6  Pendulum  Assembly. 

7  System  Diagram. 

8  Theory  of  Operation.  An  analog  electrical  signal  is  obtained 
from  a  light  beam  passing  through  a  pair  of  polarizers,  one  of 
which  oscillates  with  the  specimen.  The  pendulum  is  aligned  for 
linear  response  and  oscillations  are  initiated  by  the  computer 
which  also  processes  the  damped  waves  to  provide  the  dynamic 
mechanical  spectrum. 

Automated  torsion  pendulum:  control  sequence.  Key:  I,  pre¬ 
vious  wave  oecays,  drift  detected  and  correction  begins;  II, 


I 

I 

* 


reference  level  of  polarizer  pair  reached;  in,  wave  initiating 
sequence  begins.  IV,  decay  of  transients;  V,  free  oscillations 
begin;  VI,  data  collected;  and  VII,  control  sequence  repeated. 

Fig.  9  Representative  TBA  Isothermal  (100  to  200*C)  Cure  Spectra  of  a 

Rubber-Modif ied  Epoxy  System  (13).  Relative  Rigidity  (Left)  and 
Logarithmic  Decrement  (Right)  versus  Log-jo  Time. 

Fig.  10  Sequential  TBA  Temperature  Scans  after  Isothermal  Cure  (l20*C/36 
hr)  of  a  Rubber-Modified  Epoxy  System  (13).  Temperature  scan: 
120  to  -170  to  240  to  -170*C  at  1.5‘C/min  in  dry  helium 
atmosphere.  Transition  temperatures  (*C)  and  frequencies  (Hz) 
are  marked. 


THE  THERMOSETTING  PROCESS: 
TIME-TEMPERATURE-TRANSFORMATION  CURE  DIAGRAM 
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